Supplementary Model Description
We established a theoretical model describing the mechanical aspects of the cytokinetic ring and its coupling with the furrowing plasma membrane. The central notion is that membrane curvature affects the alignment of the contractile/cytoskeletal filaments, which in turn governs the contractility that further drives furrowing. Our model employing this curvature-mediated feedback loop not only can recapitulate asymmetric furrow ingression, but can also predict the functions of the essential cytokinetic proteins. Below, in Section I, we provide further theoretical considerations that justify the modeling strategy, including 1) geometric layout and 2) discrete representation of the model, 3) elaborations on curvature-mediated filament alignment, 4) the definition of order parameter for filament alignment, and 5) the near-equilibrium treatment of the dynamic evolution. In Section II, we provide the table of the quantitative model parameters followed by their estimation based on previous experimental measurements summarized in Section III, which also provides a brief account of the scheme used for model parameter fitting with the experimental data in the our work.
Section I. Further theoretical considerations

Dimensions of cytokinetic ring
Without explicit representation of individual molecules, we model the ring as a circle of connected contractile segments bound to the interior of a membrane tubule, which is 50 microns long and which has a diameter of 30 microns. This is based on the dimensions of the C. elegans zygote. The ring is centered on and perpendicular to a membrane tubule according to assumptions from the literature that the division plane is perpendicular to, and often roughly halfway along, the cell's long axis. The specific dimensions of the cytokinetic ring in the model are based on the previous measurements including demonstrations that 1) the average actin filament is ~ 200-300 nm long in cytokinetic ring; 2) the cortex thickness is 100-300 nm; 3) the dimensions of myosin II in actomyosin bundles (see parameter derivations for details); 4) the initial diameter of the ring is 30 microns in our system. To conform to these measured sizes, the cytokinetic ring in the model thus assumes a composite structure comprising ~ 250 ring segments that are 250 nm × 250 nm in cross section, and initially 250 nm long. Note that the essential model results on asymmetric furrowing is insensitive to the dimension of this initial ring segment (Fig. S1D) . Within each segment, 85 myosin II bipolar minifilaments (Burns et al., 1995a; Burns et al., 1995b; Yumura et al., 2008; Zhou and Wang, 2008; Vale et al., 2009 ) span two groups of actin filaments, which occupy the two circumferential ends of each segment (adjacent to adjoining segments) (Fig. 1C) . The external, barbed ends of the actin filaments can be thought of as connected to the neighboring segment by actin crosslinkers, which are themselves represented by the spring-like connections between the segments.
Discrete model representation
To elaborate on our reasoning for using discrete representation, we first derive the mechanical energy directly related to the cytokinetic ring. Let us focus on a small segment of the ring in the discrete representation of contraction (see the schematics below, also see Fig. 1D in the main text). There are two sources of energy: (1) The effect of contraction from the local segment on the positions of its neighbors; (2) The effect of the neighboring segments' contraction on the position of the local segment. l(s,t) is the effective contractile length of the actomyosin filament, which essentially reflects the portion of the actin filaments overlapping with the myosin heads within the ring segment. f(s) has the unit of force per length. The contraction of the sth segment consists of the inward opposing forces from its two ends, which also pulls the neighboring segments in the direction of contraction. The direction of contraction is tangential to the ring segment: The left half of the ring segment contracts from left to right whereas the right half contracts from the right to the left. Without losing generality, this energy potential term can be written
), where Δs=1 corresponds to the discrete form. On the other hand, the neighboring segments pull the sth segment in the direction of their combined contractions, which results in the energy potential term:
) . Combined together, the energy potential of the contraction is:
Ns ∑ where the factor 1 2 is needed to prevent double counting the energy contribution.
In the continuous limit (small Δs), the discrete summation becomes an integral, and the energy potential from contraction is:
This is essentially a line tension-like term, although the force here may not be uniform. The problem is: as Δs→0, the segment lengths ( l + and l − ) also approach zero, which renders the above integral to be zero. This result arises from the fact that the contraction is tangential to the ring and scales with ring segment length. If the ring segment is infinitesimally small, so is local contraction. This is different from line tension in lipid phase segregation, wherein the unbalanced force is normal to the interfacial boundary, and not tangential. Therefore, in order to faithfully preserve the effect of actomyosin contraction, we describe the cytokinetic ring in the discrete form. This discrete representation dictates not only the rest of the ring mechanics (see Eq.
[3]), including the bending energy of the ring and ring segment connectivity, and the interaction between the ring and the midzone spindle, but also the membrane mechanics.
Curvature-mediated filament alignment
The driving force for curvature-dependent filament alignment in the circumferential direction comes from difference in free energy (ΔE attachment ) between filaments aligned with, and filaments perpendicular to, the membrane furrow. Consider E attachment as the attachment energy when the filament is fully attached to the membrane. A filament attached to a flat membrane, as well as a filament aligned in the direction of the furrow, can both fully attach to the membrane. A filament that is oriented perpendicular to the furrow will not be able to attach to the membrane along its full length, because its stiffness precludes it from following the membrane shape. To the simplest (linear) approximation, the difference between the attachment energy of a filament oriented perpendicular to the furrow that of a parallel filament is
Δr is the deviation of the membrane from the baseline (see the schematics below), and r * is the characteristic distance over which filament-membrane attachment is effective (a constant). When the membrane is flat, Δr and consequently, ΔE, are zero, which means that there is no difference in attachment energy due to filament orientation.
In the furrow, the increase in filament-membrane distance Δr relates to the longitudinal curvature r zz by a quadratic expansion in the cylindrical coordinate system (see the schematics below):
where Δz is the width of the ring (~250nm). Therefore, the attachment energy difference between filaments oriented parallel and perpendicular to the furrow, respectively, is proportional to E attachment times the longitudinal curvature r zz :
In addition, ΔE attachment depends on the radial curvature: the densities of adaptor proteins along the ring (amount per unit length) increase throughout ring closure, similar to that of myosin , and Fig. S2C-D) . That is, the attachment energy per unit length along the ring perimeter and, hence, the energy difference between filaments oriented in parallel and perpendicularly to the furrow, increases as the ring radius decreases and thus radial curvature increases (E attachment ∝ 1/r). Consequently, ΔE attachment is proportional to the product of the curvatures in the longitudinal direction and the radial direction -the Gaussian curvature (ΔE attachment ∝ r zz /r). This is reflected in the "A" term in Eq. [4] . The term D in Eq. [4] is positive, which tends to smooth the variations in filament ordering along the ring circumference. Therefore, it promotes the propagation of filament ordering. Due to the angular definition of the order parameter ψ, D is also related to the bending resistance of the filaments. That is, the larger the local bending modulus of the filament, the more the local filament ordering can be propagated to neighboring regions. The fourth order term is mainly dictated by entropy, which favors disorder in filament orientation. Its coefficient B thus represents an energy associated with entropy and is positive.
The definition of the order parameter for filament ordering
The order parameter ψ describes filament ordering within each ring segment. The physical interpretation of this order parameter in the context of cytokinesis takes into account 1) the agreement of the orientation of filaments in each group with the circumferential direction of contractility, and 2) the polarity of actin filaments with respect to that of the myosin mini-filaments (pointed ends inward and barbed ends outward). In order to effectively bind to the actin filaments, the myosin II heads must bind in a specific orientation with regard to the polarity of actin filament (Nagy et al., 2013) . For actin filaments aligned in the opposite direction of contraction, the myosin II-actin filament binding is very weak, with a turnover rate > 100/second as opposed to 0.016/sec in the ideal orientation (Nagy et al., 2013) . Even if actin is perfectly aligned but in the wrong polarity orientation, there is no effective actin-myosin binding, just as when filaments are totally disordered. For instance, if the two groups of actin filaments within the ring segment have their pointed ends pointing away from each other, then the myosin II mini-filaments will not bind to them. Thus, the order parameter is defined so that it captures this property of actin-myosin II interactions.
The order parameter of filament ordering ψ for each ring segment is defined as
where is the myosin II mini-filament contraction direction on the left half of the ring segment, and is also the clockwise tangential direction of the ring. Here, |ψ|≤1. The magnitude of the order parameter reflects how well the actin filaments within the ring segment align in the direction of myosin II contractions and, hence, the capacity of effective binding to the myosin II mini-filaments. When ψ is positive, the two groups of actin filaments are in the functionally antiparallel orientation; when it is negative, they are in the parallel orientation. Specifically, when ψ = 1, the two groups of actin filaments are in perfect alignment with the antiparallel direction of the local myosin II mini-filament contractions. ψ = -1/2 describes the two groups of actin filaments perfectly aligned in the circumferential direction of the ring segment, but in the parallel orientation (see the schematics above).
5) Near-equilibrium treatment of the dynamic evolution
For the dynamic equations (Eqs.
[5]-[8]), we provide the following considerations. First, to calculate furrow ingression dynamics, we numerically integrate the dynamic equations (Eqs.
[5]-[8]) over time from the initial state in which filament orientation is random and contraction force is zero everywhere, the cytokinetic ring and the midzone are centered on the origin, and the membrane tubule is not constricted and at mechanical equilibrium. For simplicity, but without losing the essence of the system, we consolidated all the randomness of the system into the phase ordering process with a white Gaussian noise with the variance |ζ 0 | 2 (Eq.
[ 7]). We chose |ζ 0 | ~ 0.001 in the model (Eq. [7] ), which seeded the spatial heterogeneity in filament alignment. We can show that the exact value of |ζ 0 | will not affect the qualitative results as long as it is within a physically relevant range (<0.1). Second, the model only focuses on the mechanical behavior and filament ordering of ring segments at a longer timescale. This treatment assumes that such prolonged behavior reflects the average of the dynamics at shorter timescales, over which proteins constantly bind and unbind from the actomyosin filament within the cytokinetic ring. Third, cytokinetic process in reality consumes and dissipates energy; consequently, it is a non-equilibrium system in the truest sense. Our model is built upon the energy consideration at/near equilibrium, and the ensuing dynamic evolution of the model variables follows the driving force from the corresponding variation of such energy. Hereby, the implicit model assumption is that the energy dissipating biochemical pathway is slow enough such that the system can quickly relax to mechanical equilibrium. In this limit, our near-equilibrium treatment is valid. Last, the effective contractile length l will shrink upon local contraction force to confer the ring contraction (Eq. [6] ). This shrinkage is mediated by actin depolymerization, which consumes ATP and is promoted by protein factors including cofilin. While myosin II contraction initiates the filament shrinkage process, it is the biochemistry that gates the pace of actin filament shrinkage, whose effect is lumped into the effective viscous drag coefficient λ 2 . In reality, the mechanical resistance force stemming from the deformations of the membrane shape and the ring could also impinge upon the actin filaments. However, myosin II contraction is known to work against resistance: The more it is resisted, the more the myosin II contracts -a catch bond. Therefore, the additional mechanical force from the deformation of the membrane and the ring could be cancelled out by this property of myosin II contraction. To be consistent with this experimental observation, the model only envisages the simplest scenario and describes the dynamics of ring segment shrinkage as driven by the contractility alone. (Elliott et al., 1963; Rome, 1967; Matsubara and Elliott, 1972; Davey and Graafhuis, 1975; Robert et al., 1977; Hibberd et al., 1985; Applegate and Pardee, 1992; Finer et al., 1994; Molloy et al., 1995; Uyeda et al., 1996; Bendix et al., 2008) 2
Section II. Model parameter table
The elastic constant of the linkage between neighboring ring segments 2.6 -430 pN/nm 10.0 pN/nm (Tawada and Sekimoto, 1991; Huxley and Tideswell, 1996; Barclay, 1998; Piazzesi et al., 2002; Claessens et al., 2006; Takagi et al., 2006) 3
The spring constant of midzone spindlering repulsion ~ 4pN/µm 4pN/µm (Grill et al., 2005) (Janson et al., 1991; Janson et al., 1992; Gittes et al., 1993; Shin et al., 2004; Deguchi et al., 2005; Claessens 4, 5 et al., 2006; Mukhina et al., 2007; Lu et al., 2008) α The surface tension for pure membrane is on the order of 10 -7 -10 -4 N/m as measured by membrane height fluctuation correlation (Bruinsma et al., 2000; Roux et al., 2005; Simson et al., 1998) . If we approximate the cell as a membrane tube of radius r and the length l, we can find the equilibrium force balance prior to anaphase by minimizing Eq.
[2], which leads to rσ − κ 1 /r − P 0 r 2 = 0. For a typical cell radius of r=15µm, the membrane bending contribution, κ 1 /r, is on the order of 10 -14 N, and thus negligible compared to the contribution of osmotic pressure P 0 r 2 , which is estimated to be ~ 2.3x10 -7 N with P 0~ 1000 Pa (Rauch and Farge, 2000) . To balance the outward osmotic pressure, the required effective membrane surface tension σ has to be ~ 1.5×10 -2 N/m or at least two orders of magnitude larger than the surface tension of pure membrane. Most likely, this means that the membrane surface tension is strongly influenced by the underlying actomyosin cytoskeleton. However, a similar value for surface tension is also reached by assuming that the membrane becomes stretched during cytokinesis: the elastic energy penalty from the large change in lipid area ~ ½ k (a-a 0 ) 2 yields an effective surface tension of ~ 10 -2 -10 -1 N/m (Israelachvili, 1991) , similar to the measured Young's modulus of the cell cortex during cytokinesis (Matzke et al., 2001) .
Since the energy penalty from membrane bending is negligible in determining cell shape, sharp membrane curvatures become possible, which are indeed observed during cytokinesis in the C. elegans zygote (Maddox et al., 2005) .
Estimation on contraction forces f 0
We estimate the contraction force f 0 by two means: Based on single-molecule data, and based on measurements on muscle fibers.
A single myosin II motor protein can exert a contraction force of 0.3 -3.0 pN (Finer et al., 1994; Molloy et al., 1995; Uyeda et al., 1996; Bendix et al., 2008) . Up to 4 myosin molecules can occupy each 14.3nm interval of an actin filament (Pepe and Drucker, 1979) . Therefore, the contraction force for a single actomyosin filament is in the range of 4×(0.3pN -3.3pN)/14.3nm = 0.09 -0.9 pN/nm. With 85 filaments in the cross-section of the cytokinetic ring, we estimate the contraction force f 0 as 85×(0.09 -0.9) pN/nm = 7.7 -77 pN/nm. The isometric force produced by a skinned muscle fiber is ~ 2 × 10 5 N/m 2 , in which the density of actomyosin filament is ~ 4.8 × 10 14 filaments/m 2 (Hibberd et al., 1985) . Each actomyosin filament thus can generate ~ 420pN contraction force. Given that the actomyosin filament is ~ 2 microns long (Matsubara and Elliott, 1972) , the contraction force per unit length f 0 is ~ 21pN/nm, which is within the estimated range of 7.7 -77 pN/nm. In the model, we choose the value of the contraction force f 0 to be 20 pN/nm.
With this value for f 0 we find that total contraction force peaks at ~ 150nN, which is within the range of the measured values Hiramoto, 1975; (Fig. S1E) .
Derivation of the elastic spring constant between neighboring ring segments K 1
In our model, the segments making up the cytokinetic ring are connected by elastic springs. Depending on the nature of the linker, its elastic spring constant can vary from 0.03 pN/nm for the actin crosslinker fascin (Claessens et al., 2006) , over 0.2 pN/nm for myosin (Tawada and Kimura, 1986) to ~ 1-5 pN/nm (Huxley and Tideswell, 1996; Barclay, 1998; Piazzesi et al., 2002; Takagi et al., 2006) that was measured for the stiffness of an actomyosin crossbridge. As there are 85 actomyosin filaments in the crosssection of the cytokinetic ring acting in parallel, we arrive at a possible range of 85x(0.03-5) = 2.6-430 pN/nm for the elastic spring constant K 1 between neighboring ring segments. In the model, we choose K 1 to be 10 pN/nm. As long as K 1 is above a critical threshold (K 1 > 5 pN/nm), the choice of K 1 will not affect the essential model results on asymmetric furrowing.
Derivation for the bending modulus of ring segments κ 3
We estimate the bending modulus of ring segments κ 3 in three ways: from sperm acrosomal processes, from single actin filaments, and from stress fibers.
The bending modulus of a horseshoe crab sperm acrosomal process consisting of 80 tightly linked actin filaments has been measured in vitro as (0.3-10.6)×10 -21 N⋅m 2 . This is likely an upper bound, since this actin bundle is highly crosslinked and not capable of contraction. Indeed, it has been reported that overexpression of the actin crosslinker α-actinin inhibits closure of the cytokinetic ring (Janson et al., 1991; Janson et al., 1992; Mukhina et al., 2007) .
The bending modulus of a bundle is proportional to the square of the number of filaments within the bundle (Claessens et al., 2006) . Given that the bending modulus of a single actin filament is ~ 7.3×10 -26 N⋅m 2 (Gittes et al., 1993) , the bending modulus for a bundle of 85 actin filaments can be estimated as 5.3×10
-22 N⋅m 2 .
In a uniform beam, the relation between the bending modulus and elastic modulus of the bundle is κ 3 = Eπr filament 4 /4 = ES 2 /4, where E is the elastic modulus, and S is the cross section area of the bundle. In endothelial cells, the transverse elastic modulus of stress fibers with cross section ~ 0.05 µm 2 is ~ 10kPa (Lu et al., 2008) , whereas the longitudinal elastic modulus is ~ 300kPa (Deguchi et al., 2005) . If the cytokinetic ring is organized as a stress fiber like bundle, we expect the bending modulus of ring segments κ 3 to fall into the range of 3×10 -22 -9.4×10 -21 N⋅m 2 .
Taken together, the bending modulus of the ring κ 3 is in the range of 3×10 -22 -10.6×10 -21 N⋅m 2 . In our model, we choose a bending modulus of the ring κ 3 as 2.0×10
-21
N⋅m 2 .
Derivation of energy penalty for spatial variation of order parameter D
The order parameter in the model ψ is defined as the cosine of the angle between the orientation of the local ring segment and that of the cytokinetic ring plane. According to this definition, the energy penalty arising from the variation between order parameters of neighboring segments is part of the bending energy of the cytokinetic ring itself. Therefore the value of D in the model should be comparable to, but less than, the bending modulus of ring segments κ 3 . In the model calculation, we choose it to be 1.8× 10 -21 N⋅m 2 .
The effective viscous drag coefficient of ring contraction λ 1
The driving force of ring contraction is counter-balanced by viscous drag, i.e., the hydrodynamics is in the regime of low Reynolds number. Consequently, the timescale of ring contraction is set by the effective viscous drag coefficient λ 1 .
Viscous drag stems from three sources: (1) the viscous drag between a filament and its surrounding cytoplasm; (2) the friction from myosin attachment; and (3) the friction from crosslinkers other than myosin, such as α-actinin, which contribute to the majority of the viscous drag in actin gel in in vitro experiments.
The friction coefficient for the attachment of a single myosin head is ~ 0.2pN⋅second/µm (Tawada and Sekimoto, 1991) . For a segment of 85 actomyosin filaments, the effective viscous drag coefficient is 170 times that of the single myosin head, which yields ~ 34pN⋅second/µm. The friction from myosin attachment is two orders of magnitude higher than that from cytoplasm. Therefore, we ignore the viscous drag from cytoplasm.
The effective viscous drag coefficient is likely to be higher than 34 pN⋅second/µm, due to the presence of actin crosslinkers such as Anillin in the ring. Indeed, in vitro and in vivo experiments in which high concentrations of actin filament crosslinkers are present yield even larger viscous drag coefficients ranging from 100s to 10 6 s of pN⋅second/µm (Bausch et al., 1998; Bernheim-Groswasser et al., 2005; Marcy et al., 2004; Reinhart-King et al., 2005; Rieu et al., 2005; Zumdieck et al., 2007) . In the model, we set the effective viscous drag coefficient of ring contraction, λ 1 , to be ~ 2.0 × 10 4 pN⋅second/µm, which ensures that ring contraction can complete within 4-5 minutes, in accordance with experimental observation.
Effective viscous drag coefficient for actomyosin filament shrinkage λ 2
The effective viscous drag coefficient for actomyosin filament shrinkage λ 2 relates to the effective shrinkage rate of actomyosin filaments due to contractile force (Eq. [8]). The effective actomyosin filament shrinkage rate in the model is the net result of filament de-polymerization minus filament polymerization. Filament shrinkage can be triggered by myosin contraction (Gromley et al., 2005; Murthy and Wadsworth, 2005; Medeiros et al., 2006; Haviv et al., 2008a) . In our model, we assume a linear dependence between the effective shrinkage rate and contraction force. This dependence is described by the effective viscous drag coefficient for actomyosin filament shrinkage λ 2 , which has the unit of viscous drag (force*time/length).
We derive a range for λ 2 from measurements in fission yeast. Filament depolymerization can be estimated by the rate of fluorescence recovery after photobleaching of actin filaments. The half-time of actin recovery has been measured in both fission yeast and mammalian cultured cell cytokinetic rings to be ~ 30 seconds (Pelham and Chang, 2002; Guha et al., 2005; Murthy and Wadsworth, 2005) , translating to a turnover rate ~ 0.023 s -1 . With an average actin filament and ring segment length in fission yeast of ~ 600 nm (Kamasaki et al., 2007) , a turnover rate of 0.023s -1 gives rise to an effective depolymerization rate of ~ 13.8 nm/s per ring segment. Experiments in fission yeast also showed that actin typically polymerizes at the rate of 200nm/s (Vavylonis et al., 2008) . With ~ 20 filaments within each bundle in fission yeast, the average polymerization rate of the bundle is thus ~ 10 nm/s. The effective filament shrinkage rate in our model is thus ~ (13.8-10) =3.8 nm/s.
The contraction force in the cytokinetic ring in fission yeast can be estimated from the number of myosin proteins (~20) per node, which are connected by single actin filaments (Wu and Pollard, 2005) . A single myosin head can produce a contraction force of ~ 2pN. Since each myosin has two heads, the contraction force per actin filament is 80 pN. We thus estimate the effective viscous drag coefficient for filament shrinkage λ 2 to be 80pN/(3.8nm/s) ~20pN⋅second/nm. Alternatively, we can estimate the effective viscous drag coefficient for filament shrinkage λ 2 from cell-level dynamics in fission yeast. The initial ring perimeter in fission yeast is ~ 10 microns, and its contraction rate is ~ 500 nm/min (~ 8nm/s) (Pelham and Chang, 2002) . With an average actin filament length of ~ 600 nm (Kamasaki et al., 2007) , there are effectively ~ 16 ring segments along the perimeter, leading to a shrinkage rate of 0.5 nm/s per segment. Given the 80 pN contraction upon each segment, the effective viscous drag coefficient in the model λ 2 can be estimated at ~ 160pN⋅second/nm, leading to an overall range of 20 -160pN⋅second/nm for λ 2 . In the model, we choose λ 2 to be ~ 100 pN⋅second/nm.
The effective viscous drag coefficient for filament alignment λ 3
Filament alignment within the ring is resisted by the effective viscous drag coefficient for filament alignment, λ 3 , which, is dominated by two-dimensional rotational viscous drag. Theoretical studies show that the 2-D rotational diffusion of a filament is
, where L and d are the length and the diameter of the filament, γ r is -0.447 for and η is the viscous drag of the solution (Broersma, 1981) . The effective viscous drag coefficient for filament alignment is thus λ 3 ~ k B T/D r .
For a single F-actin filament, L is ~1micron and d is ~8 nm. In water, with η = (1.41-4.99)×10 -3 Pa⋅s (Li and Tang, 2004) , its rotational diffusion coefficient is thus ~ 2rad 2 /second. We deduce that the rotational diffusion coefficient of a single actin filament with the length of 250nm is ~ 10 rad 2 /second. We use these measured values as references to estimate the effective rotational viscous drag in the model.
The length of a filament in our model is initially 250 nm, and the diameter of a single actin filament is ~8 nm. The viscous drag of the solution η can be calculated from the effective viscous drag coefficient of ring contraction λ 1 by division by the diameter of the ring segment, which comes to 8×10 4 Pa⋅s. With these values, we can calculate the rotational viscous drag coefficient as (5.4-19.3) × 10 4 pN⋅nm⋅s. The rotational diffusion of a bundle of 85 filaments should be 1/85 of that of a single filament; thus, we need to multiply the above range by 85, yielding a range of (4.6-16.4) × 10 6 pN⋅nm⋅s. Furthermore, as the filaments get shorter as time progresses, the average drag coefficient is likely to be at the lower end of the range. Thus, we choose the effective viscous drag coefficient for filament alignment, λ 3 , to be 6 × 10 6 pN⋅nm⋅s
Gaussian curvature-dependent free energy potential for filament alignment A
When the underlying membrane is curved, filaments in a ring segment can align circumferentially along the contractile plane and therefore fully attach to the membrane, presumably lowering the free energy. However, if filaments are oriented out of the division plane, their attachment to the membrane is less favorable. The curvaturedependent free energy for filament alignment in the model relates to the free energy difference between these two states. Consequently, the Gaussian curvature-dependent free energy term A⋅C G is in the units of energy in Equation [3] . Since the Gaussian curvature is in units of the inverse of length 2 , A is in units of (energy⋅length 2 ); i.e., the free energy term A⋅C G approximates the filament-membrane binding energy times the attachment area. For a ring segment with the attachment area (250 nm) 2 as in the model, the value for A leads to an effective binding energy between the actomyosin filaments and the membrane of ~ 1.7 × 10 7 pN⋅nm 3 /(250nm) 2 ~ 2.7 × 10 2 pN⋅nm ~ 70 k B T. Here, the energy 70 k B T corresponds to the binding energy per ring segment. Given that there are typically ~ 600-1000 per (µm) 2 filament-membrane binding sites per segment (Brochard-Wyart et al., 2006; Diz-Munoz et al., 2010) , the number of binding sites for the cross section of (250nm) 2 ranges from 38 to 63. Thus, the binding energy per site in the calculation is ~ 1-2 k B T, which is physically reasonable (Brochard-Wyart et al., 2006; Diz-Munoz et al., 2010) .
Considerations on the intrinsic driving force for filament bundling (a 0 ), and the fourth order term (B)
We assume that the intrinsic driving force for filament alignment is governed by upstream cell cycle-and spindle-based signals, including the Rho GTPase pathway. We combine all curvature-independent factors affecting filament alignment into the factor a 0 in the model. a 0 is a phenomenological parameter, and originates from enthalpy. Its value is negative unless otherwise mentioned; free energy is lowered when filaments align. Consequently, it drives initial filament alignment and, hence, early ring contraction.
The fourth order coefficient of filament alignment free energy is also a phenomenological parameter, which is always positive to maintain the stability of the system. Mathematically, this parameter limits the amplitude of the order parameter ψ during phase ordering. Physically, the fourth order term originates from entropy, which opposes the enthalpic driving force for ordering (filament alignment). Our calculations show that the qualitative results of the model do not critically depend on the exact value of the fourth order coefficient of the filament alignment free energy.
We set the free energy change for filament bundling (a 0 ) in Eq.
[5] at ~ 2125 k B T. For each of the ~85 filaments per segment, the favorable binding energy for bundling or alignment is ~ 25 k B T. This value is physically reasonable based on the following considerations: The mesh size in actin gel has been estimated/measured to be ~ 50nm (Plastino et al., 2004) , which could be taken as the spacing between crosslinkers. Given the 250nm length of the filament, there shall be ~ 5 binding sites by the crosslinkers. This estimation gives rise to the binding energy per site ~ 5 k B T. The dissociation constants for F-actin binding affinity of crosslinkers ranges from ~ 5 µM (α-actinin) to ~17 µM (filamin) (Nakamura et al., 2005; Sawyer et al., 2009; Wachsstock et al., 1993) , which gives rise to the free energy changes for binding is ~ 8-12 k B T. In addition, these crosslinkers are dimers when bound to F-actin; thus the free energy change per binding site is ~ 4-6 k B T. Therefore, 5k B T per binding site is within this range, and physically reasonable (Nakamura et al., 2005; Sawyer et al., 2009; Wachsstock et al., 1993) .
Modeling parameter fitting scheme
We use the least-square-displacement method to determine the best fit. To consistently compare with experimental results, the model outputs of ring closure and asymmetry over time were converted to the curves of the corresponding timing and asymmetry as functions of ring closure percentage. Following this protocol, the data from both model output and the experiments were re-plotted every 5% of ring closure. Following least-square-displacement method, we then computed the difference between the model and experiment results. To fit the experimental data of control cells, we first used the average value for each model parameter from the ranges determined from published measurements (see model parameter table). For the unknown phenomenological parameters, we estimated them as elaborated above. In fitting, we used these estimated values without varying them. We then varied the rest of the model parameters at ~ 10% intervals from the starting parameter set within the parameter range. The smallest difference from the least-square-displacement method thus yields the nominal parameter set that gives the best fit of control experimental data. The goodness of this fit is thus ~ 10%. This nominal model parameter set is listed as " Values used in the model" in the model parameter table. To fit the experimental data from perturbations, we varied the four key model parameters (a 0 and A in Eq. [4], and λ 1 in Eq.
[5] and λ 3 in Eq. [7] ) at intervals of 0.5% from their respective nominal values corresponding to the control fit. The goodness of fit for the four key model parameters is thus ~ 0.5%.
Supplemental Figure Legends
Supplemental Figure 1 . Phase diagrams and graphical output describe the robustness of the theoretical model. A) Calculated phase diagram of the dependence of furrow ingression on contractility and filament shrinkage. The model predicts that there exists a threshold filament shrinkage rate, only above which successful furrow closure is possible.
Otherwise, the sliding of filaments will result in neither ring contraction nor furrow ingression. On the other hand, successful furrow closure entails sufficiently large contractility to overcome the resistance from the contractile apparatus itself together with that from membrane elasticity and midzone spindle. The red cross indicates the parameters of controls. This model prediction is in line with the established role of actin depolymerization in furrow ingression (Nagaoka et al., 1995; Abe et al., 1996; Hotulainen et al., 2005; Zumdieck et al., 2007) . B) Calculated phase diagram of the dependence of furrow fate on contraction and filament alignment. The model predicts that, for successful furrow closure, either contractility or alignment needs to be fast so that the initial ingression can propagate around the entire cell. The red cross indicates the parameters of controls. Both contraction and filament alignment rate can change by at least an order of magnitude before the ring can no longer close successfully, which is reflected by the robustness ring closure in perturbed cells. C) The theoretical model predicts that the asymmetry of furrow ingression decreases with the cell size. Size was varied by varying the number of ring segments, without changing segment dimenions. D)
The theoretical model predicts that the asymmetry of furrow ingression is insensitive to the initial ring segment length. For (C) and (D), asymmetry factor corresponds to when the ring has reduced to 20% of its starting circumference. E) The theoretical model predicts the time trace of the contractile force during asymmetric furrow ingression for the case of control cells. Note that the peak contractile force is ~ 150 nN, which is within the range of the measured values Y., 1975; .
Supplemental 
Supplemental Experimental Procedures
Expression and purification of recombinant protein
The predicted F-actin bundling domain (ABD; aa.s 234-377) of C. elegans Anillin (ANI-1, Y49E10.19) was tagged with MBP and a His tag using a modified pET vector (pETM44) (Fethiere et al., 2004) . BL-21 (DE3) E. coli bearing this plasmid were cultured in TB-medium, 0.1% glucose, 30µg/ml kanamycin. Protein expression was induced with 0.2 mM IPTG at 0.8 OD600nm overnight at 18°C. Cells were harvested by centrifugation and resuspended in lysis buffer (50 mM Tris-HCl [pH 8.0], 500 mM NaCl, 5 mM β -mercaptoethanol) supplemented with 1 mM PMSF and complete EDTA-free protease inhibitor tablets. Cells were lysed by two cycles of freezing and thawing, and then sonication. Cell lysate was centrifuged at 50,000 x g for 45 min and the recombinant protein was extracted from the supernatant by metal chelating affinity chromatography using a POROS MC20 column pre-equilibrated in lysis buffer. After extensive washing, protein was eluted with a 0-0.5 M imidazole gradient. Fractions containing recombinant MBP-Anillin were pooled and purified further by gel filtration on a superdex-200 column equilibrated in 20 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM β -mercaptoethanol.
Protein concentration was determined by Bradford method using bovine serum albumin for the standard.
Actin bundling visual assay
An F-actin bundling assay was performed as published (Kinoshita et al., 2002) . Briefly, 2 µM of rabbit skeletal muscle actin (Cytoskeleton) was resuspended in Buffer A (2mM potassium phosphate [pH 7.2], 75mM KCl, 10% glycerol, 2mM MgCl 2 , 2mM EGTA, 0.5 mM ATP, 0.1 mM DTT). The solution was centrifuged at 16,000 x g at 4°C for 10 min to remove aggregates. Phalloidin was added to the supernatant for a final concentration of 2 µM and the mixture was incubated 20 min at room temperature. Stabilized F-actin was incubated with or without 1 µM α -actinin (Cytoskeleton) or Anillin-ABD. Reactions were incubated on poly-L-lysine coated coverslips for 20 min at room temperature, the excess was removed and the reaction was fixed for 10 min with 3.7% formaldehyde in PBS. Excess fixative was removed by gentle aspiration and washed with PBS. After a 30 min block with a solution of 2% BSA and 0.01% Tween-20 in PBS, actin filaments were stained with Alexa Fluor 546 phalloidin (Molecular Probes) for 1 h at room temperature.
All reactions and incubations were done in a humid chamber. Coverslips were mounted on slides and imaged by swept-field confocal microscopy (Prairie, Nikon) with a 100x, 1.4 NA oil-immersion objective.
Myosin and anillin early recruitment (for Figures S2B and C) JJ1473 or OD159 embryos were mounted on agarose cushions and imaged on a compound microscope equipped with a spinning-disc confocal head as published . Maximum intensity projections of the cortex apposed to the coverslip were generated. Anaphase specific myosin of anillin recruitment to a rectangular region occupying much of the equatorial cortex was measured as published . Levels of myosin, anillin and septins in the ring throughout cytokinesis (for Figure S2D) Levels of fluorescently-tagged cytokinetic ring proteins were determined in a 10-pixel wide band just outside the ring annotated using cyanRing (see Figure 2A) . Ring intensity was normalized by subtracting cytoplasmic background in a rectangular region away from the cytokinetic ring. Strains JJ1473, OD159 and OD26 were used for these analyses.
Spindle elongation measurements
The distance between segregating masses of chromatin reflects the force coupling across the spindle, from the cortical pulling forces acting on astral microtubules at one pole of the cell to those at the other pole. The distance between the centroids of the chromatin masses was measured with a custom kymograph tool written in Matlab. In each maximum-projected frame of a time-lapse image sequence of C. elegans zygotes expressing mCherry-tagged histone (OD122), the user clicked on the apparent centroid of each chromatin mass. Through these two points, a 50 micron long line was drawn, and the fluorescence intensity was integrated in a 5 micron band perpendicular to the line.
The centroid of each chromatin mass along the spindle axis could thus be estimated in two ways: As the distance between the user-clicked points, and as the distance between the centroids of the integrated intensities. As the two measurements agreed within <0.5 microns in our tests, we report only the first of the two measurements, which is easier to obtain.
Estimation of furrow tip progress
For Figure S4C , progress of the two tips of the cytokinetic furrow was measured as the angle from the furrow initiation point and the up to two intersections of the contractile ring and a circle of 90% cell diameter. The furrow initiation point was estimated as the center between the first two intersections of the contractile ring with the circle of 90% cell diameter. 
